ABSTRACT
INTRODUCTION
Hypertension is a progressive disorder which consists of persistent high blood pressure (>140/90 mm Hg). It is strongly associated with increased risk of myocardial infarction, stroke and development of renal disease. Blood pressure regulation is a complex process which involved neurogenic control, renin angiotensin system, kallikrein-kinin system, endothelial function and sodium and water excretion. Malfunction in these internal systems could lead to blood pressure changes 1 . Current antihypertensive drugs in use are designed to address different aspects of pathogenesis of hypertension. Some examples are Angiotensin Converting Enzyme (ACE) inhibitors, calcium channel blockers, β blockers, natriuretic peptides, adrenergic inhibitors and direct vasodilators. The long term intake of drugs could decrease the cardiac output and peripheral vascular resistance to protect the internal organs from damage. However, life style modifications are still considered as the first step in management of hypertension. Moderate sodium intake, reduced weight in obese individuals, low consumption of alcohol, increased intake of fruits and vegetables are among the key factors 1 . Diet plays a significant role in reducing blood pressure 2, 3 . Fruits are a major component in the human diet. Current research findings emphasize the importance of phytochemicals found in fruits as disease combating agents. Flavonoids are one category of phytochemicals with proven health benefits 4 . There are several proposed mechanisms of actions by which flavonoids may reduce high blood pressure. Dysregulation of renin angiotensin system is one of the causative factors for development of hypertension. One such example is over expression of ACE producing genes leading to high levels of ACE. Flavonoids were reported as ACE inhibitors both in vitro 5 and in vivo 6 . It is become evident that oxidative stress in the arterial walls and kidneys also plays a role in the development and progression of hypertension, with antioxidant systems such as superoxide dismutase (SOD) and glutathione being down-regulated 7 . Since flavonoids act as antioxidants, it could be postulated that flavonoids could support to enhance the activity of down-regulated antioxidant system at cellular level.
Apples are among the most frequently consumed fruits in temperate regions. A fresh apple contains 14-36 mg of flavonoids/100 g of fresh weight 8 . Apple peel is a particularly rich source of flavonoids and contain 3-6 fold more flavonoids than the flesh 9 . Apple peel extracts are known to act as antioxidants 10 , antiviral 11 , neuroprotective 12 , antiproliferative and anticancer agents 4, 13 . Since apple peel is a waste product of apple processing industry, there is potential to convert this bioresource into a natural health product to treat hypertension 14 . In this research study, an Apple Peel Extract (APE) rich in flavonoids was investigated on its effectiveness in reducing high blood pressure in Spontaneously Hypertensive Rats (SHR).
MATERIALS AND METHODS

Animals:
Eight weeks old male SHR were obtained from Charles River Laboratories, Quebec, Canada. Animals were housed individually, maintained at a temperature of 22°C with 12 h light/dark cycle and acclimated for one week before starting the treatments. All protocols were approved by the Animal Care Committee of the University of Prince Edward Island, Charlottetown, PE, Canada according to the guidelines set by the Canadian Council on Animal Care.
Treatments: Animals were randomly assigned to one of three treatment groups: control, APE (25 mg kgG 1 of body weight/day), or captopril (20 mg kgG 1 of body weight/day), calculated weekly according to each rat's body weight. Captopril is a known ACE inhibitor used to treat hypertension and was used as a positive control. APE was prepared as described previously 15 . Sugar free raspberry flavoured gelatin was used to deliver the treatments to rats. Gelatin blobs were prepared incorporating calculated amounts of APE and Captopril (Sigma Aldrich Canada Ltd, Oakville, ON, Canada) according to body weights of animals. The volume of one gelatin blob was 9 mL. Control animals received only gelatin. In addition, all animals received free access to standard rat chow and water. Food intakes were measured daily and body weights assessed weekly.
Blood pressure measurements:
Weekly blood pressure measurements were taken using the CODA rat and mice tail cuff blood pressure measuring system (Kent Scientific, Torrington, Connecticut, USA). Animals were placed inside the weight matched cylindrical compartments and acclimated for 10 min on a heated (37°C) platform. Tail temperatures were monitored continuously using an infrared thermometer (Kent Scientific, Torrington, Connecticut, USA). Tail cuffs were fitted onto the animal after the tail temperature reached >28°C. Blood pressure was measured in 20 cycles which included 5 cycles for acclimation. Measures were taken to minimize stress induced changes in blood pressure.
Blood and tissue collection: At week 10, animals were fasted overnight for 14-16 h and the anesthetized deeply with sodium phenobarbital (65 mg kgG 1 ). A heparinized blood sample was collected by cardiac puncture, placed on ice and later centrifuged at 10,000×g at 4°C to produce plasma which was stored at -80°C. Rats were then euthanized, lung and liver were collected, flash frozen in liquid nitrogen and stored at -80°C until further analysis.
Determination of ACE activity:
The ACE activity of lung and plasma samples was determined as described previously 5, 16 . Heparin, histidine-L-hippuryl-L-leucinechloride (HHL), NaOH, HCl, ethanol anhydrous and o-phthalaldehyde were purchased from Sigma Aldrich Canada Ltd. (Oakville, ON, Canada).
Determination of endogenous antioxidants:
Liver samples (100 mg) were first homogenized in the respective buffers needed for assay and then antioxidant concentrations or enzyme activities were determined using commercial assay kits (Cayman Chemical Company, Ann Arbor, MI, USA) and following the manufacturer protocols.
Briefly, levels of total glutathione, an endogenous antioxidant were assayed by applying an enzymatic recycling method, using Glutathione Reductase (GR), to quantify glutathione concentrations. Total glutathione concentrations were measured at five-minute intervals for 30 min using a multilevel reader set at an absorbance of 405 nm.
Glutathione Peroxidase (GPX), GR and SOD concentrations in liver homogenates were determined using Cayman® Chemical Company SOD assay kit protocol. GR activity is determined through the rate of NADPH oxidation while GPX activity is estimated indirectly by its coupled reaction with GR. The SOD catalyzes the dismutation of superoxides to molecular oxygen and hydrogen peroxide and so its activity was determined by removal of superoxides. One unit of SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical.
Statistical analysis:
Means and standard errors were calculated for each treatment and data sets were analyzed using one-way analysis of variance (ANOVA) with Tukey's post hoc test using Graph Pad Prism from Graph Pad Software, Inc. (La Jolla, CA). In all analysis, p-values of less than 0.05 were considered significant.
RESULTS
All rats weighted the same at the beginning of the study and gained similar amounts of weight over the 8 week study (Fig. 1) . However, captopril-fed SHR weighted 4.3 and 4.7% less than control-fed rats at week 3 and 5 ( Fig. 1) . As expected, treatment of SHR with captopril significantly lowered BP throughout the study when compared with both control and APE treated animals (Fig. 2a, b) . APE treatment reduced both systolic and diastolic BP by approximately 10-15 mm Hg after 5 weeks of treatment, However, statistical significance was only achieved in lowering systolic BP after 8 weeks when compared with control-treated rats (p<0.05) Asterick (*) represent significantly (p<0.05) different groups (n = 12) APE, flavonoid-rich apple peel extract (Fig. 2) . However, there was no significant (p<0.05) difference existed between the ACE activity of the lung and plasma samples within each group. APE treatment increased total GSH in liver from 5.4±0.5-7.7±0.8 mM mgG 1 , representing a 43% increase (Fig. 3a, p = 0.046) , while captopril had no effect. However, the enzymes involved in glutathione metabolism, namely GR and GPX, were unaffected by APE and captopril. The SOD activity was almost doubled by APE treatment, although captopril also had no effect (Fig. 3b) . 
DISCUSSION
There is growing evidence of the impact of dietary factors in reducing the risks associated with onset of chronic diseases. The objective of the current preclinical study was to evaluate the potential to use APE as a natural antihypertensive agent using a rodent model. APE is a rich source of polyphenols, primarily flavanols, flavan-3-ols, dihydrochalcones and chlorogenic acid 5 . These groups of phytochemicals are well documented for their function as antioxidants, enzyme inhibitors and cell signaling pathway modulators 17 . Many studies have evaluated their antihypertensive effects under in vitro conditions. The mechanisms of actions of flavonoids include functioning as ACE inhibitors 18 , antioxidant activity and vasorelaxation 19 . In the current study, 0.5 g of APE kgG 1 of body weight, was incorporated as the daily dose which contained 25 mg of total polyphenols where the majority (around 20 mg) were flavonoids. These values were selected to provide an effective biologically active metabolite concentration. In most studies the incorporated levels of plant extracts vary in between 0.1-1 g kgG 1 body weight of animals 20, 21 . Consumption of APE had no effect on body weight gain and feeding behavior of animals.
After five weeks of treating APE daily, the increasing trend of blood pressure of animals started to retard showing a significant reduction of systolic blood pressure at the eighth week (Fig. 1) . There are different plant extracts examined on the hypotensive effects. Traditional herbal extracts 18 , blueberry 22 , cocoa 20 , purple corn, purple sweet potato and red radish 19 are some examples. A Brazilian folk medicine Cecropia glaziovii Sneth has reduced the mean systolic blood pressure by 20 mm Hg after 2 weeks of treatments where the single dose treatments of the extracts had not exerted any difference 20 . Radish leaf extracts rich in polyphenols have shown the same trend of reducing blood pressure after 3 weeks of oral administration 23 . In all these studies, the blood pressure lowering ability is found to be associated with the presence of phytochemicals.
In accordance with the previous studies, after 5 weeks of APE treatment systolic blood pressure increments were reduced by 10 mm Hg and after eight weeks, it was reduced by 15 mm Hg. Long term consumption of APE rich in flavonoids showed hypotensive effect on SH rats. Repeated treatments are found to be effective since it could enhance the accumulation of metabolites in target tissues which is beneficial on the bioactivity 24 . Captopril treated group showed significant reduction of blood pressure (systolic and diastolic) starting from the fourth week of study and continued till the end of the study week 8 (Fig. 2) .
APE was found to be an effective ACE inhibitor under in vitro conditions 5 . Therefore, the effect of APE on the ACE activity of blood plasma and lung extracts on SHR was determined using a fluorimetric method. There were no significant difference exist on enzyme activity between groups (Data not shown).
Polyphenols including flavonoids are reported on their ability to improve endothelial function and antioxidant activity thereby provide cardio-protective effects 25 . Reactive oxygen species are highly generated in the vasculature and kidney tissues during hypertension. GSH and associated GPX and GR enzymes play a key role in mediating oxidative stress in cells. A high ratio between the reduced GSH to oxidized glutathione (GSSH) is essential to protect the cells from oxidative stress 7 . The APE treated had significantly increased the reduced form of GSH levels. Increased levels of GSH indicate a protective environment from free radical damage. However, the enzymes associated with the GPX system i.e., GPX and GR activity did not show any significant difference when compared to the control group. The SOD catalyzes the transformation of ROS to hydrogen peroxide (H 2 O 2 ) which is the initial step of deactivation of ROS 26 . In APE treated mice liver, SOD activity had almost doubled in amount when compared with the control group. An increased concentration of SOD indicates a higher capacity to scavenge free radicals 26 . Captopril had not shown any significant difference on these parameters when compared with the control. This is the first pre-clinical study to demonstrate that APE reduces blood pressure in an in vivo model. This study supports recommendations that adding more fruit or fruit-based products to the diet improves risk factors for disease and provides insight to the development of apple-based natural health products.
CONCLUSION
Long term intake of APE reduced the expected increase in blood pressure in SHR. Though APE is a promising ACE inhibitor in vitro, in vivo studies did not show significant ACE inhibition. APE produced a significant increase in liver SOD and total GSH activity suggesting a mechanism of action through mediation of oxidative stress. Further studies are necessary to clarify the mode of action of the APE in reducing high blood pressure. The results of this study suggest that APE has a potential to be used as a dietary supplement in managing early stages of hypertension.
